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Lead (Pb) in public tap water is a national health concern and is the main pathway of human 
exposure to Pb. The City of Dayton has verified Pb pipelines and homes with Pb plumbing; 
thus, residents are at risk to Pb leaching into their tap water. I sampled water from 130 
residential and 24 public water taps and measured Pb and copper (Cu). Five percent of 
samples exceeded the action level for Pb (> 15 µg/L) and none exceeded the action level 
for Cu. The City of Dayton’s lead pipeline map identifies potential Pb exposure from Pb 
distribution pipes. However, the samples that exceeded Pb action level were from the first 
draw, indicating Pb-bearing plumbing and fixtures within Dayton homes drives Pb 
concentrations in my dataset.  Most of the samples that exceeded action level were from 
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Lead (Pb) in tap water is a national health concern. Water distribution lines and 
plumbing fixtures made with Pb can leach trace amounts into tap water (Clark et al., 
2015; Lytle and Schock, 2005; Masters and Edwards, 2014; Edwards and Dudi, 2004). 
Lead exposure in residential homes has significantly decreased since the use of leaded 
paint and gasoline was discontinued; thus, Pb in tap water remains the main pathway of 
human exposure to Pb (Deshommes et al., 2013; Safruk et al., 2017). Blood lead levels 
(BLLs) in children are related to concentrations of Pb in tap water (Etchevers et al., 2014; 
Lanphear et al., 1998; Edwards et al., 2009; Deshommes et al., 2013; Ngueta et al., 
2014).  Lead can deleteriously affect nervous systems and childhood development 
(Aschengrau, 1993; Canfield et al., 2003; Lanphear et al., 2005; US NTP, 2011; Bellinger 
et al., 1991; Fewtrell et al., 2004; Garavan et al., 2000). Cities across the 
United States are struggling with elevated BLLs and high concentrations of Pb in tap 
water (Safruk et al, 2017; Ngueta et al., 2014; Goovaerts et al., 2017), most notably in 
Flint, Michigan (Edwards et al., 2017). 
Elevated BLLs can negatively impact human health. A threshold for increased 
risk of Pb poisoning is difficult to determine because intellectual deficits including 
decreased cognitive function, inattention, and impulsivity are observed even in children 
with low BLLs (Canfield et al., 2003; U.S. EPA, 2006; Safruk et al., 2017; Lanphear et 




systems are the most sensitive to Pb toxicity (Safruk et al., 2017; Troesken, 2003; 
Weizsaecker, 2003). Furthermore, the frequency of both stillbirths and cardiovascular 
defects increase for pregnant women exposed to detectable Pb levels in drinking water 
(Aschengrau, 1993).  
The age of water distribution lines and home plumbing systems is a risk factor for 
elevated Pb in tap water.  Tap water is susceptible to Pb leaching from Pb service lines 
that were installed in the early 1900’s (Edwards and Dudi, 2004; Lytle and Schock, 2005; 
Clark et al., 2015). Homes built before the 1980’s are more likely to have Pb pipes and 
plumbing fixtures, including solder joints, faucets, aerators, and brass fittings (Lee et al., 
1989; Lytle and Schock, 1996; Kimbrough, 2007; Cartier et al., 2011; Clark et al., 2015; 
Masters and Edwards, 2015). Lee et al. (1989) sampled tap water from 1,484 homes in 94 
water companies and districts in the U.S. and found that solder joints were the leading 
source of Pb. Additionally, they estimated that brass fixtures accounted for a third of the 
Pb in the first-draw 100 mL samples (Lee et al., 1989). 
Because Pb toxicity is an important health concern, the U.S. EPA implemented 
standard monitoring for Pb in drinking water (U.S. EPA, 1991), known as the Lead and 
Copper Rule (LCR).  The Lead and Copper Rule is a sampling procedure that examines 
metal exposure from drinking water and the effectiveness of corrosion control treatment 
implemented by water treatment facilities (Goovaerts et al. 2017). The Rule requires that 
a first draw water sample be collected from a cold-water tap that has a minimum 
stagnation period of six hours (U.S. EPA, 2016). Residential locations selected for LCR 
sampling typically either contain copper pipes with Pb solder joints installed after 1982, 
have Pb plumbing, or are served by a Pb service line. The action levels for Pb and copper 
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(Cu) are 15 µg/L and 1,300 µg/L, respectively, where no more than 10% of the samples 
can exceed the action level. Since implementation of LCR monitoring, several cities have 
discovered excessive concentrations of Pb in drinking water.  
Cities that exceed the action level for Pb typically have one of two things in 
common: they changed either their treatment practices or water source. High 
concentrations of Pb (31–113 µg/L) were observed after the District of Columbia Water 
and Sewer Authority switched their tap water disinfectant from chlorine to chloramine in 
2000 (Edwards and Dudi, 2004). Similarly, 16% of tap water samples in Stafford, 
Virginia exceeded the action level for lead after switching from chlorine to chloramine 
(Edwards and Triantafyllidou, 2007). In addition, similar changes in disinfectant from 
chlorine to chloramine in Greenville and Durham, North Carolina, caused both cities to 
have high concentrations of Pb in their tap water (Edwards and Triantafyllidou, 2007). 
 In contrast to cities where changes in disinfectant were made, excessive Pb levels 
in tap water of Flint, Michigan occurred after a change in water supply. In April 2014, 
Flint switched its supply from the Detroit Water and Sewerage Department to 
Karegnondi Water Authority (Goovaerts, 2017). High concentrations of chlorine in 
Karegnondi water and no corrosion control treatment resulted in Pb leaching from service 
lines, causing the citizens of Flint to have elevated BLLs (Pieper et al., 2017; Edwards, 
2017).  
Extensive research has investigated how differences in water chemistry can cause 
Pb leaching from plumbing (Edwards and Triantafyllidou, 2007; Lytle and Schock, 2005; 
Masters and Edwards, 2014; Edwards and McNeill, 2002; Edwards and Dudi, 2004; 
Schock, 1989; Schock and Gardels, 1983; Rehim and Mohamed, 1998; Portland Bureau 
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of Water Works, 1983).  Edwards and Dudi (2004) evaluated the effect of chlorine and 
chloramine on Pb-bearing plumbing materials and found that Pb solids form rapidly in 
the presence of chlorine. In contrast, Pb solids do not form when either chloramines are 
used as a disinfectant or no oxidant is added to the water (Edwards and Dudi, 2004). 
Previous studies also found Pb solubility increases in the presence of chloramine when 
compared to chlorine (Schock, 1989; Schock and Gardels, 1983). As a result, tap water 
treated with chloramine had a 10-fold increase in Pb leaching (Edwards and Dudi, 2004; 
Portland Bureau of Water Works, 1983).  
In addition to oxidant type, Pb solubility in tap water can be affected by pH, 
stagnation time, and phosphate inhibitors. Some studies found the amount of Pb released 
from Pb-bearing pipes was reduced when pH was more alkaline (Schock, 1989; Schock 
and Gardels, 1983; Schock, 1980; Edwards et al., 2002). In contrast, other research 
demonstrated that in more alkaline water, solids take longer to form, and with high 
concentrations of nitrate, can cause pitting and the breakdown Pb passivity (Edwards and 
Dudi, 2004; Rehim and Mohamed, 1998). In addition, a longer stagnation time can 
increase Pb concentrations in tap water (Edwards et al., 2004; Edwards et al., 2002; Dudi, 
2004). Furthermore, phosphate dosing is a corrosion control treatment that can decrease 
the amount of soluble Pb (Edwards et al., 2004; Edwards et al., 2002; Schock et al., 1996) 
with polyphosphate increasing Pb release versus orthophosphate decreasing solubility 
(Edwards et al., 2002).  
 Elevated Pb levels in tap water can result from routine plumbing maintenance, 
which includes, for example, meter and valve replacement and service line repair (Toral 
et al., 2013). Physical and chemical changes in the plumbing network can influence Pb 
5 
 
release and can vary within each residential home (Schock, 1989; Toral et.al., 2013; 
Edwards and Dudi., 2004). Therefore, identifying the source of Pb in residential drinking 
water is complex.   
Some research has taken a non-regulatory approach to Pb concentrations in tap 
water by conducting sequential sampling (Vaccari et al., 1994; Toral et al., 2013; Pieper 
et al., 2015), which creates a profile of Pb concentration from tap to service line by 
collecting a first-draw sample, then collecting 500mL samples sequentially thereafter. 
This approach is an aid in determining the source of Pb in residential drinking water. 
Results from these studies have shown higher Pb concentrations than the regulatory first-
draw sample (Toral et al., 2013; Pieper et al., 2015). Toral et al. (2013) found that some 
peak values for each sequential liter calculated across all sample sites in Chicago were up 
to six times higher than regulatory compliance data. Toral et al. (2013) asserts that LCR 
protocols considerably underestimate peak Pb levels in a system with Pb service lines. 
The City of Dayton pumps high-quality potable water from the Great Miami 
Buried Aquifer, which is the sole source for the metropolitan region and serves over 
400,000 people (www.daytonwater.org).  One hundred and ten production wells each 
pump from one to four million gallons of water per day. Water is pumped to the City’s 
Ottawa and Miami Treatment Plants, where it is treated with calcium oxide (softening) 
and fluorine (dental benefits) and disinfected with chlorine (1.3–1.7 mg/L), and filtered 
through sand. pH of distributed water is maintained between 8.3 and 8.8, which facilitates 
deposition of carbonate minerals that can act as a barrier between pipes and water.  
 The City distributes about 65 million gallons of treated water per day through 
about 750 miles of service lines.  Many of these service lines are made of Pb.  Moreover, 
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the city has historic districts with homes built in and prior to the early 1900’s and many 
neighborhoods with homes built prior to 1986, when Pb was phased out of use in pipe 
solder.  Accordingly, there are concerns that tap water in Dayton may contain elevated 
concentrations of Pb that may vary among neighborhoods, potentially depending on age 
of the home.  Therefore, it is important to assess the risk of Pb exposure in the City of 
Dayton’s tap water. 
 The objective of this study was to evaluate what influences Pb in the City of 
Dayton’s tap water and whether the likelihood of Pb pipelines correlates with Pb 
concentration. I hypothesize that year built and assessed value of Dayton homes influence 



















4.1. Water Sampling 
I examined Pb and Cu in water produced and distributed by the City of Dayton 
and sampled from both public and private taps. Multiple neighborhoods in Dayton, Ohio, 
were targeted for tap-water sampling based on two probability maps of Pb service lines 
that distribute potable water. One of the maps was published by the Dayton Daily News 
(https://www.mydaytondailynews.com) and the other by the City of Dayton 
(http://www.daytonohio.gov). Dayton Daily News illustrated the probability of Pb service 
lines based on a color scale, whereas the City of Dayton’s map indicates where there are 
known Pb service lines. Additionally, the City of Dayton’s map indicates homes built 
before 1998 are more likely to have Pb plumbing materials and are designated Pb with 
yellow, and homes built after 1998 are designated non-lead with green. The lead ban 
occurred in 1986, so it is unclear why the City of Dayton chose 1998 as a threshold.  The 
probability map, known locations of Pb service lines, and known home ages were used to 
select neighborhoods that were expected to span a potential gradient of Pb concentrations 
in tap water. 
  I sampled tap water from 130 Dayton residences and 24 public drinking water 
fountains, mostly in Dayton’s Metroparks, between May 3 and June 6 in 2017. Most 




daytime hours, whereas sampling in some neighborhoods was done by appointment, 
initiated through electronic communication.  The neighborhoods sampled included; 
Eastern Hills, Eastmont, Forest Ridge, Heightview Hills, Hillcrest, Lakeview, 
McPherson, North Dixie, Old North, Patterson Park, Pheasant Hill, South Park, 
University Row, and West Side (Figure 1). Randomized and pre-scheduled sampling 
occurred during daylight hours, and I was accompanied by at least one other Wright State 
University employee or student. About 89% of homes sampled in this study resulted from 
randomized door-to-door sampling.  In neighborhoods that have a relatively high crime 
rate (www.crimereports.com), samples were collected between 10:00 a.m. and about 1:00 
p.m.; otherwise, sampling began at 5:00 p.m. and concluded before dusk.  
 The U.S. EPA (1991) Lead and Copper Rule (LCR) requires that water be 
sampled after a ≥ 6-hour stagnation period to best assess Pb and copper exposure. 
However, because of the design of this study being a daytime door-to-door survey, water 
may not have stagnated in the plumbing for at least six hours. Accordingly, the results of 
this study are framed in the context of typical human exposures rather than worst-case 
scenario.  A letter documenting measured concentrations of Pb and Cu in tap water was 
mailed to each participating resident within 30 days of sampling. 
4.2. Lead and copper 
Water-sampling appointments were scheduled in neighborhoods where an 
acquaintance resides. An email was distributed to a community group, and residents were 









during the same day and sampling period as random door-to-door sampling. Residences 
with scheduled appointments were asked not to run their tap for at least six hours prior to 
my visit. Most of the water samples collected in this study were drawn from a kitchen 
faucet; however, 25% of residents preferred that sampling be done from an outdoor 
garden spigot (without the hose), rather than entering their homes.   
At each home, the resident’s name and address were recorded. Residents were 
asked a series of questions to gather information for statistical analysis. Parameters of 
interest included dominant plumbing material, when the last time the sampled water tap 
was used, if in-home plumbing repairs have been made, and whether the home had either 
a water softener or other water treatment device (e.g., reverse osmosis, filtration).  Most 
homes in Dayton do not have water softeners because the city softens the water prior to 
distribution. 
Water was sampled following the Lead and Copper Rule (LCR) techniques (U.S. 
EPA, 1991). The only modifications to the LCR method were that 500-mL bottles were 
used instead of 1-L size and that the tap may have been used within six hours instead of 
the prescribed ≥ 6-hour stagnation period. Bottles used for sampling metals in water were 
made of either PTFE Teflon or low-density polyethylene and cleaned by soaking in high 
purity 10% HCl (J.T. Baker Instra-Analyzed) for six days followed by 5× rinses with 
reagent-grade water (nominal resistivity > 18 MΩ-cm). Cleaned bottles were stored 
double-bagged in new zip-type plastic bags until use.  
Permission was requested from residents to sample both an initial 500-mL draw 
of water and a similar volume after allowing tap water to discharge for 5 minutes. The 
latter sample is thought to be indicative of metals originating from either the source or 
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service lines, as opposed to in-home plumbing (Goovaerts, 2017). Trace-metal clean 
practices, including the use of rigorously cleaned bottles (Hammerschmidt et al., 2011) 
and clean-hands, dirty-hands techniques (Fitzgerald, 1999) were followed while 
sampling. Cleaned bottles were rinsed once with about 10-mL of tap water before each 
sample collection to remove any residual reagent-grade water. To ensure capture of the 
first-draw sample, the tap was turned off while rinsing the bottle. Filled sample bottles 
were stored double bagged in a cooler until the water was returned to Wright State 
University for preservation and analysis. All samples were acidified to 2% with high-
purity 16 M HNO3 (J.T. Baker, Instra-Analyzed) within 14 days of sampling.  
4.3. Tap water physicochemical measurements 
Tap water also was sampled for physicochemical measurements immediately after 
the first draw sample was collected for Pb and Cu analysis. Water for measurement of 
temperature, pH, and conductivity was collected in a plastic graduated cylinder and 
measured with a YSI multimeter. The pH and conductivity electrodes were calibrated 
before each sampling event with solutions traceable to the U.S. National Institute of 
Standards and Technology (NIST).  
4.4. Nitrate  
Water was collected for nitrate analysis if the resident consented to a 5-minute 
flush sample. Water was collected in a 60-mL polyethylene syringe fitted with a 0.22-µm 
capsule filter, which were rinsed with 10 mL of tap water prior to use (Hall et al., 2002). 
About 10 mL of tap water was pressure filtered through the capsule and collected in a 
new 15-mL centrifuge tube. To avoid potential contamination of samples, nitrile gloves 
were not worn during sampling and filtration of water for nitrate analysis (McCarthy et 
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al., 2017). Filtered water samples were placed in a bag and stored on ice while sampling. 
Upon return to Wright State University filtered water samples were stored frozen until 
analysis. Samples were sent to another laboratory where a Wright State employee 
analyzed the tap water with a QuikChem autosampler.  
4.5. Temporal variability 
Water was sampled from the same tap to examine temporal variability of Pb and 
Cu concentrations.  Before each sampling event, a first draw and 5-minute flush sample 
of tap water was collected from the same faucet in our Trace Metal Biogeochemistry 
laboratory at Wright State University. Temperature, conductivity, and pH were measured 
at the time of each of the 16 sampling events (Table 6).  
4.6. Sequential sampling 
 One home was selected for sequential sampling in an area with a high likelihood 
of Pb pipelines. The resident was informed not to use the water 6 hours prior to sampling. 
All bottles and labels were set out prior to sample collection. A first-draw sample was 
collected from the kitchen tap, then 500 mL increments of water was collected 
sequentially until the water was exhausted from the pipes to the water main. Internal 
plumbing length and diameter in the home were measured from the faucet to where the 
water main enters the home. ArcGIS was used to determine distance of the water meter, 
fire hydrants, and other potential sources of Pb from outdoor plumbing fixtures. The 
volume of water in interior plumbing was estimated from measured plumbing length and 
diameter.  Water flow rate was calculated by dividing the total volume collected by the 
sampling time.  
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Water collected during sequential sampling was analyzed for Pb, Cu, and zinc 
(Zn).  Determining co-occurrence of these metals can help determine potential sources of 
Pb from the plumbing network (Toral et al., 2013, Schock and Lemieux, 2010, Schock 
and Lytle, 2011). 
4.7 Lead and copper analysis 
Water samples were analyzed for Pb and Cu with an inductively coupled plasma 
mass spectrometer (ICP-MS) following U.S. EPA method 6020A. Acidified water in 
sample bottles were homogenized before an aliquot was transferred to a 15-mL acid-
cleaned tube for analysis. Sample concentrations were determined by comparison to 
aqueous standards prepared from a NIST-traceable multi-element reference material 
(CLMS-2A) and analyzed contemporaneously with the samples. Samples were analyzed 
in triplicate every 10 samples. Analytical and field blanks were measured to evaluate 
potential contamination during either analysis or sampling. Field blanks were prepared 
prior to each sampling event by filling an acid-cleaned sampling bottle with reagent-
grade water, double-bagging the bottle, and taking it into the field for the duration of 
sampling. The field blank was brought back to Wright State University, where it was 
acidified and stored similar to the tap water samples. 
Analyses Pb and Cu in quality control samples indicated a high degree of 
accuracy.  All field and analytical blanks contained either insignificant or undetectable 
concentrations of the metals.  Method detection limits were 0.002 µg/L for Pb and 2.1 
µg/L for Cu. Precision of triplicate analyses averaged 4.0 ± 2.9% relative standard 
deviation (n = 38 triplicate sets) for Pb and 2.6 ± 1.6 (n = 44 sets) for Cu. Recovery of 
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known standard additions averaged 97.0 ± 0.08% (n= 50) for Pb and 95.0 ± 0.08% (n= 
51) for Cu. 
4.8 Statistical analysis 
Information about each residence was obtained from the Montgomery County 
(Ohio) Auditor 
(http://www.mcrealestate.org/search/commonsearch.aspx?mode=address). This 
information included the assessed value, number of bathrooms, square footage, and year 
the house was constructed.  
Property information and water chemistry parameters were analyzed statistically 
with R version 3.3.2 (2016-10-31) software. Both Pb and Cu concentrations had a non-
normal distribution (Shapiro-Wilk, p < 0.05), and therefore were log-transformed and 
analyzed using multiple regression and correlation analysis. For Pb and Cu first-draw and 
5-minute flush concentrations, the parameters that best explained the data were; pH, 
appraised value, year built, and spigot (Table 1). In addition, differences between Pb and 
Cu concentration in first-draw and 5-minute flush samples were analyzed by a paired t-
test.  
 I tested for a potential connection between Pb in tap water and the probability of 
Pb service lines, published by the Dayton Daily News.  This was done by converting the 
color scale of the map into a numerical parameter, with the lowest ranking of likelihood 
being 1 and the highest an 8. The numerical ranking of likelihood of Pb service lines was 
compared to the measured concentration of Pb in first draw and 5-minute flush water 




Table 1. Results of multiple regression analysis for Pb and Cu first draw and 5-minute flush concentrations. 
 p-value Model 
 pH Appraised value Year built Spigot  R2 p-value 
Pb First draw 0.33 0.28 0.40 8.92×10-8  0.25 1.0×10-8 
Pb 5-minute flush 0.17 0.46 0.17 0.02  0.07 0.03 
Cu first draw 0.91 0.84 0.003 4.25×10-6  0.21 9.62×10-6 






V. RESULTS AND DISCUSSION 
 
5.1 Residential and public samples 
Some of the residential tap water samples in the City of Dayton were of imminent 
health concern. The mean concentration of Pb and Cu in first-draw water samples from 
all taps was 3.96 ± 14.0 and 54.7 ± 115 µg/L, respectively. Only about five percent 
(7/154) of first-draw samples exceeded the U.S. EPA action level for Pb (15 µg/L) and 
none exceeded the action level for Cu (1,300 µg/L). In residences, the highest Pb and Cu 
concentrations in Dayton drinking water were 79 and 1,190 µg/L, respectively.  These 
results are in stark contrast to those measured in tap water of Flint, Michigan, in 2016.  
Of 271 homes sampled in Flint, 16.6% exceeded the action level for Pb (Goovaerts, 
2017), and Pb concentrations in water of some homes were almost three times greater 
than hazardous waste levels (Hazardous waste ≥ 5,000 µg/L; Pieper et al., 2017).  
5.2. LCR sampling 
Lead and Cu concentrations decreased in most residential samples after the tap 
was flushed for 5 minutes. Average Pb and Cu 5-minute flush concentrations were 0.68 ± 
1.81 µg/L and 8.10 ± 7.59 µg/L, respectively. The 5-minute flush concentrations were 





Concentrations of Pb in first-draw and 5-minute flush samples were positively 
correlated (R2= 0.33, p= 2×10-12, Figure 2), thus residents with a higher first-draw are 
more likely to have higher concentrations of Pb in the 5-minute flush. Lead substantially 
increased (>1 µg/L) in six residences between the first draw and 5-minute flush samples, 
indicating influence from a Pb service line, water meter, or other Pb-bearing plumbing. 
Three of the six residences that experienced a significant increase in Pb concentration in 
the 5-minute flush compared to first draw were in Hillcrest, a neighborhood with verified 
Pb pipelines (Figure 3). Additionally, half of the homes sampled in Hillcrest (5/10) had 
Pb concentrations increase after flushing for five minutes. The other three residences 
were in varying neighborhoods (University Row and Lakeview), without verified Pb 
pipelines according to the City of Dayton map. Four residences had an increase of Cu 
concentrations in tap water after five minutes of flushing. The residents with increased 
Cu were in University Row, Hillcrest, and McPherson (Figure 4). Additional sampling 
and information about the neighborhood’s plumbing network need to be conducted to 
identify the Cu source. 
Concentrations of Pb and Cu in my study are more indicative of residential risk to 
Pb exposure than the 2017 Water Quality Report published by the City of Dayton. The 
highest levels detected by the City of Dayton’s LCR sampling were 4.1 µg/L and 4.2×10-
5 µg/L for Pb and Cu, respectively (https://www.daytonohio.gov). The City’s 
concentrations are much less than the highest level that I detected for Pb (79 µg/L) and 
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Figure 2. Correlation between the log of lead (Pb) first draw and 5-minute flush concentrations in tap water in the 


















Concentrations of Pb and Cu in water from public drinking fountains were wide 
ranging (Table 2).  Concentrations ranged from 0.05 to 120 µg/L for Pb and from 7.4 to 
352 µg/L for Cu. Overall, public drinking water concentrations were not significantly 
different than residential tap water for both Pb (p = 0.69) and Cu (p = 0.12). The highest 
Pb concentration in public drinking water was at the Kitty Hawk Golf Course (120 µg/L), 
obtained from the drinking water fountain in the women’s restroom. This first-draw 
sample likely had Pb-bearing fixtures close to the tap leaching Pb into the drinking water. 
The Dayton Daily News probability map of Pb service lines does not reliably 
predict the concentration of Pb in first-draw samples (p-value = 0.96, rτ
 = -0.003, Figure 
5). First draw samples are more indicative of Pb sources within the home, such as lead 
solder joints and brass fixtures (Lee et al., 1989). However, Pb concentrations in the 5-
minute flush samples were positively correlated with the probability map (p-value =  
0.0005, rτ = 0.23, Figure 6), suggesting the parameters used to predict the occurrence of 
lead service pipelines may be useful. 
5.3. Neighborhoods 
Concentrations of Pb and Cu varied among neighborhoods. Mean first draw and 
5-minute flush Pb concentrations ranged 0.38–10.07 and 0.12–1.85 µg/L, respectively, 
among neighborhoods.  Mean Cu concentration in the first draw and 5-minute flush 
ranged 18– 210 µg/L and 3.91–15.2 µg/L, respectively. The neighborhood mean of Pb 
and Cu five minute flush were different among neighborhoods (ANOVA, p= 0.004, 0.03, 




Table 2. Concentrations of lead and copper in local parks and public drinking water 




















Date Collected Fountain Pb (µg/L) Cu (µg/L) 
 Kitty Hawk   
5/15/2017 1 1.58 121 
5/15/2017 2 2.45 174 
5/15/2017 3 2.63 52.7 
5/15/2017 4 1.41 65.3 
5/15/2017 5 2.20 104 
5/15/2017 6 120 354 
 Wegerzyn   
6/17/2017 1 0.87 211 
6/17/2017 2 1.27 148 
6/17/2017 3 0.14 70.2 
6/17/2017 4 0.15 52.7 
6/17/2017 5 0.73 18.4 
 Island   
5/18/2017 1 0.07 43.5 
5/18/2017 2 0.05 37.1 
5/18/2017 3 0.25 83.5 
5/18/2017 4 0.18 48.4 
5/18/2017 5 0.10 40.8 
 City Hall   
ND 1 0.59 41.4 
ND 2 0.36 7.4 
 Riverscape   
5/18/2017 1 0.06 27.4 
5/18/2017 2 0.06 7.7 
5/18/2017 3 0.09 108 
5/18/2017 4 0.19 72.2 
 Eastwood   
5/15/2017 1 0.15 26.1 
































Figure 5. Correlation between Pb concentrations in first draw samples and numerical scale of ranking of likelihood of 










































Figure 6. Correlation between Pb concentrations in 5-minute flush samples and numerical scale of ranking of likelihood 























































































































































































































5-minute flush between Hillcrest compared to South Park and Pheasant Hill, but was not 
significant (Tukey, p= 0.07, Figure 7). However, Hillcrest had several homes with an 
increase in Pb concentration in the 5-minute flush, explaining the strong agreement for 
the first ANOVA analysis. Similarly, University Row had a difference in mean Pb 
compared to Eastern Hills, but not significant (p= 0.06, Figure 7). University Row was 
also a neighborhood that had increased Cu in the 5-minute flush. Additionally, Eastmont 
was significantly different to Eastern Hills (p=0.04) in mean Cu 5-minute flush 
concentration (Figure 8). There isn’t clear reasoning for the difference in mean Cu 
between Eastmont and Eastern Hills and further sampling is needed to interpret this 
relationship. 
5.4 Temperature 
Dayton’s residential tap water is classified as warm drinking water, which can 
have higher levels of Pb compared to cold water. Cartier et al. (2012) categorized 
drinking water temperatures as either cold (3–15 ºC) or warm (15–22 ºC) and asserted the 
differences between these conditions significantly influences Pb leaching. Temperature 
of the drinking water sampled in my study ranged from 15.3 to 28.5 °C and averaged 
20.4 ± 2.5 ºC.  Studies have also found a positive correlation between temperature and Pb 
concentration (Ngueta et al., 2014; Cartier et al., 2011; Cartier et al., 2012). For 5-minute 
flushed samples, Cartier (2011) found Pb concentration increased 48% in homes with a 
mean temperature of 21.2ºC when compared to 11.3ºC.  My samples were collected in 
late spring (May 2nd -June 6th)), and didn’t have the seasonal variability Cartier et al. 




concentrations. Cartier et al. (2012) asserted that warm water conditions, when compared 
to cold, are a better predictor for Pb service lines.  
5.5. pH 
In the City of Dayton, Pb concentrations in tap water were unrelated to pH (p < 
0.05, Table 1).  Lead leaching from Pb service lines and plumbing fixtures significantly 
decreases at a higher pH, especially at pH values greater than 10 (Schock, 1989; Edwards 
et al., 2002; Edwards et al., 2004). However, Dayton water is relatively well buffered and 
most initial draw samples were alkaline, with pH ranging from 6.81 to 9.02 and a mean 
of 8.36 ± 0.28. Pb-bearing fixtures and services lines were installed in homes over 30 
years ago. Over time, a layer of calcium carbonate can build on a Pb service line, 
decreasing Pb leaching (Edwards et al., 2002). The absence of a correlation between Pb 
concentration and pH could be attributed to either 1) the age of the service line, 2) 
effective corrosion control treatment, or 3) the relatively narrow and alkaline pH of the 
water. 
5.6. Year built 
In my data set, residences built before 1986 were more likely to exceed the EPA 
action level for Pb in tap water (Edwards and Dudi, 2004; Lytle and Schock, 2005; Clark 
et al., 2015). The 130 residences that I sampled were built between 1876 and 2003.  Of 
these, 92 were built prior to the Pb-solder ban in 1986 (Section 1417, SDWA), and 5% of 
the 92 samples had first-draws above action level (Figure 9).  Gooverts (2017) found 
similar results in Flint, MI, where over 10% of residences built prior to 1960 exceeded 
the action level for Pb. Plumbing and fixtures containing Pb or Pb alloys are more 




































Clark et al., 2015). Lead concentrations in the first draw sample can be attributed to Pb 
fixtures and pipes within the home (Goovaerts, 2017). Lead first-draw and 5-minute flush 
and Cu 5-minute flush concentrations in my study were unrelated to year built (p > 0.05, 
Table 1). Plumbing repair and replacement in older homes may have influenced this lack 
of correlation. Conversely Cu first-draw samples were positively correlated to year built 
(p= 0.003, r2= 0.21, Table 1, Figure 10).  
5.7. Repairs 
The influence repairs have on Pb concentration is inconclusive because of the lack 
of information provided by residents during sampling. Residents were asked if there had 
been repairs to their plumbing during the past two years. A large fraction of residents 
(42%) were unaware of any maintenance to their plumbing (Figure 11, Figure 12).  
5.8. Stagnation 
My data is more representative of typical human exposure than the worst-case 
scenario tested by LCR. Of the residences sampled, 16 had confirmed ≥ 6-hour stagnation, 
58 had < 6 hour stagnation, and 80 samples had an unknown stagnation period. There was 
little variation in either Pb or Cu concentration between samples with known and unknown 
stagnation periods (Table 3). None of the samples with a known stagnation period were 
above the U.S. EPA action level and the majority of the high Pb and Cu concentrations had 
an unknown stagnation (Figure 13, Figure 14). The residential locations sampled between 
5 p.m. and dusk (120 residences) were designed to target a stagnation after the resident 
arrives home from work (Goovaerts, 2017). However, only 10% of the sample set had a ≥6 






























































Figure 11. Mean concentration lead (Pb) in first-draw and 5-minute flush tap water samples from residential plumbing 































Figure 12. Mean concentration copper (Cu) in first-draw and 5-minute flush tap water samples from residential plumbing 





Table 3. Concentration lead (Pb) and copper (Cu) first-draw and 5-minute flush mean and variance of known and 
unknown stagnation at sampled tap in residential homes in Dayton, Ohio 
 
Stagnation  Pb (µg/L) Cu (µg/L) 
 1st Draw 5-minute flush  1st Draw 5-minute flush 
> 6 1.14 ± 1.98 0.94 ± 1.84  30.3 ± 339 9.67 ± 80.3 
< 6 0.67 ± 3.15 0.32 ± 0.76  24.1 ± 783 6.07 ± 24.2 










































Figure 13. Mean concentration lead (Pb) in first-draw and 5-minute flush tap water samples from residential plumbing 
































Figure 14. Mean concentration copper (Cu) in first-draw and 5-minute flush tap water samples from residential plumbing 





concentration in the residential drinking water sampled in this study reflects that of normal 
human exposure and not necessarily the worst-case scenario. 
5.9 Appraised value 
Homes with an appraised value less than Dayton’s median household value 
($66,700) were at a higher risk for exceeding the action level for Pb (Figure 15). Appraised 
property values ranged from $14,540 to $176,910. The value of single-family homes 
examined in this study averaged $72,146 ± $41,083. Fifty three residences (41%) were less 
than the median household value in Dayton,  and of those, 9% (5/53)  had Pb concentrations 
in the first-draw water samples that exceeded the action level. Forty single-family homes 
had an appraised value greater than the median houshold value and none exceeded the 
action level. Similarly, Goovaerts et al. (2017) found that about 5% of residences located 
in the poorest communities of Flint, MI, had tap water that exceeded the action level for 
Pb. In this study, there was no linear correlation between either Pb or Cu concentrations 
and assessed value (p > 0.05, Table 1). The type of plumbing material and fixtures within 
the home could be influencing this lack of correlation.  
5.10. Plumbing material 
Plumbing composition within residences did not have a noticeable effect on either Pb or 
Cu concentrations in tap water (p > 0.05). Plumbing in the residential homes was 
composed dominantly of one or more of the following materials; copper, 
polyvinylchloride (PVC), cross-linked polyethylene (PEX), galvanized steel, and cast 
iron. Of the 130 homes, 72 residents (55%) knew the composition of their household 

































Figure 15. Mean of Pb first-draw and 5-minute flush in homes appraised above or below Dayton’s median household value 




Pb concentration and copper had the highest mean Cu concentration for both 1st draw and 
5-minute flush tap water samples (Table 4). Kimbrough (2007) found that brass corrosion 
can be a source of Pb in tap water in otherwise all-plastic plumbing systems. However,  
the Pb and Cu concentrations for PEX /PVC and copper had a large variance and were 
similar to the concentrations in unknown material (Figure 16, Figure 17). Therefore, it is 
difficult to determine a relationship between pipe composition in residential homes and 
Pb and Cu concentrations from data collected in this study. 
5.11. Location of tap 
Concentrations of Pb and Cu in water were influenced by the type of tap from which 
the water was withdrawn. There was a significant difference between location of sample 
and first -draw concentrations of both Pb and Cu (p < 0.001, r2= 0.25, 0.21, respectively, 
Figures 18 and 19). Of the samples that exceeded the action level, 71% (5/7) were from the 
garden spigot. High concentrations of Pb and Cu can be attributed to sampling in spring, 
where stagnation in pipes could be greater in the spigot than an indoor faucet, and can be 
attributed to fixtures within the spigot  leaching Pb and Cu. Future analysis comparing 
spigot versus indoor faucet concentrations and differences in plumbing material would be 
beneficial for better understanding these differences. 
5.12. Nitrate 
 Studies have found that nitrate can cause Pb corrosion in plumbing (Edwards and 
Dudi, 2004; Guo et al., 2002; Uchida and Okuwaki, 1998). Residential homes in my data 
set that exceeded 10 µg/L or had an increase in Pb concentration between the first-draw 
and 5-minute flush samples were analyzed for nitrate (n = 13) to see if differences in the 




Table 4. Concentrations lead (Pb) and copper (Cu) first-draw and 5-minute flush mean and variance of known and 









Material Pb (µg/L)   Cu (µg/L) 
 1st Draw 5-minute flush  1st Draw 5-minute flush 
Copper 1.81 ± 13.3 0.55 ± 1.33  56.0 ± 28×103 8.95 ± 59.1 
Copper and galvanized 0.86 ± 0.11 0.50 ± 0.14  11.3 ± 78.6 5.22 ± 25.7 
Cast iron 1.70 ± 3.60 0.31 ± 3×10-3  19.7 ± 220 6.04 ± 0.30 
PVC/PEX 5.93 ± 229 0.31 ± 0.20  25.0 ± 1×103 6.47 ± 31.2 
PVC/PEX and galvanized 0.19 0.05  25.7 4.84 

























































Figure 16. Mean concentration lead (Pb) in first-draw tap water samples from residential plumbing systems having known 



























































Figure 17. Mean concentration copper (Cu) in first-draw tap water samples from residential plumbing systems having 




























Figure 18. Mean concentration lead (Pb) in first-draw and 5-minute flush tap water samples from residential plumbing 
systems sampled from a spigot or indoor tap. Error bars are 1 SD. 
 



























Figure 19. Mean concentration copper (Cu) in first-draw and 5-minute flush tap water samples from residential plumbing 
systems sampled from a spigot or indoor tap. Error bars are 1 SD.




Pb materials. Concentrations of nitrate ranged from 0.40 to 2.03 mg/L with a mean of 
0.99 ± 0.63 mg/L, with none of the samples having concentrations greater than the 
Maximum Contamination Level (MCL, 10 mg/L). No correlations were observed  
between nitrate concentration and either Pb or Cu concentration in either the first-draw or 
5-minute flush samples (p > 0.23), suggesting that nitrate in Dayton water does not 
influence Pb and Cu concentrations.  
5.13. WSU time series 
 Concentrations Pb in water sampled from a tap in the Trace Metal 
Biogeochemistry laboratory varied little over time (Figure 20). The mean concentration 
of Pb 1st draw and 5-minute flush was 1.6 ± 0.17 µg/L and 0.20 ± 0.01, respectively. 
Copper had a large variance for both the 1st draw and 5-minute flush samples (Figure 21).  
Mean 1st draw and 5-minute flush concentrations of Cu were 176 ± 37.8 µg/L and 54 ± 
32.4 µg/L, respectively. Plumbing to this faucet is Cu and was replaced in 2007.  The 
stagnation period before each of the samples was unknown.  Stagnation period could 
contribute to the large variance in the concentration of Cu. During the 6 weeks of 
sampling there was little variance in temperature, conductivity, and pH (Table 5). Similar 
to residences, concentrations in first-draw and 5-minute flush samples were correlated for 
both Pb (r2=0.19, p= 0.08) and Cu (r2= 0.32, p= 0.02; Figures 22 and 23). 
5.14. Sequential Samples 
 Sequential sample results agreed with previous research supporting non-
regulatory methods as a better predictor of Pb exposure in residential drinking water 
(Toral et al., 2013). A first-draw sample was collected from the kitchen tap and thirty-
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Table 5. Concentrations of copper (Cu) and lead (Pb) and physiochemical measurements from tap water sampled in the 
Trace Metal Biogeochemistry lab at Wright State University. 
 Temperature Conductivity  Pb (µg/L)   Cu (µg/L) 







5/3/2017 19.0 625a 7.30 1.6 0.1   176 15.8 
5/9/2017 18.6 1430 7.32 1.6 0.1   231 13.9 
5/10/2017 18.8 1625 7.20 0.9 0.1   128 18.1 
5/12/2017 19.1 1597 7.12 2.1 0.1   118 29.1 
5/16/2017 19.0 1605 7.19 1.9 0.2   113 27.0 
5/17/2017 19.3 1629 7.32 1.2 0.2   157 44.7 
5/18/2017 17.8 1651 7.37 1.2 0.1   146 22.5 
5/22/2017 20.0 1629 7.43 1.5 0.2   186 59.8 
5/23/2017 20.0 1620 7.26 1.4 0.2   187 57.1 
5/30/2017 20.9 1472 7.65 2.4 0.3   222 131 
5/30/2017 21.8 1512 7.13 1.0 0.2   147 67.8 
5/31/2017 21.1 1580 7.25 1.7 0.2   202 77.5 
6/1/2017 20.2 1625 7.16 1.9 0.1   203 52.2 
6/6/2017 22.4 1637 7.02 2.0 0.2   243 105 
6/6/2017 22.0 1617 7.62 1.4 0.2   177 79.1 
6/7/2017 21.2 1594 7.41 2.0 0.5   183 63.2 
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Figure 22. Correlation between lead (Pb) first draw and 5-minute flush concentrations in tap water in the Trace Metal 





Copper in first-draw samples ( g/L)


































Figure 23. Correlation between copper (Cu) first draw and 5-minute flush concentrations in tap water in the Trace 







minutes.  First draw and 5-minute concentrations in the home were 0.21 and 0.27 µg/L, 
respectively. However, at 2.5 and 18 minutes there was a peak in Pb concentration of 1.1 
and 0.8 µg/L, respectively (Figure 24). These results demonstrate that LCR protocols  
may not effectively assess risk of Pb exposure in residential drinking water, although in 
this case, all measured concentrations were less than the action level. 
Co-occurrence of metals can be indicative of sources of Pb (Toral et al., 2013, 
Schock and Lemieux, 2010, Schock and Lytle, 2011). Clark et al. (2015) found that the 
co-occurance of Pb, Zn, and cadmium (Cd) is indicative of galvanized steel as the Pb 
source. There was no co-occurrence of metals in this Dayton home, making it difficult to 





































































The crisis in Flint, MI is not an isolated event; cities across the U.S. have faced elevated 
blood lead levels in children due to Pb exposure at the tap.  The City of Dayton is not 
excluded from risk of Pb exposure, with 5% of the tap water samples exceeding action 
levels. Additionally, only homes assessed below Dayton’s median home value ($66,700) 
and built before 1986 had concentrations that exceeded action level (15 µg/L). My data 
shows that these homes are at risk to high levels of Pb exposure (79 µg/L). It is important 
to not only identify where Pb pipelines are located and what influences the leaching of 
Pb, but to educate homeowners about Pb exposure within the plumbing network of their 
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 1st draw  5-minute flush 
Neighborhood Mean ± V Range n  Mean ± V Range n 
McPherson 0.74 ± 1.92 0.05–4.78 12  0.12 ± 0.01 0.04–0.28 12 
Pheasant Hill 0.83 ± 1.67 0.04–3.11 7  0.16 ± 0.07 0.01–0.74 7 
South Park 0.38 ± 0.30 0.02–1.49 8  0.22 ± 0.16 0.00–1.20 8 
Patterson Park 0.82 ± 0.75 0.11–2.93 9  0.29 ± 0.01 0.07–0.45 9 
N Dixie 10.1 ± 440 0.09–56.4 7  0.31 ± 0.35 0.04–1.65 7 
Heightview Hills 6.25 ± 268 0.09–49.8 9  0.12 ± 0.01 0.02–0.28 9 
Forest Ridge 0.95 ± 2.44 0.05–5.07 9  0.18 ± 0.06 0.05–0.84 9 
Eastern Hills 2.68 ± 13.5 0.17–11.5 10  0.47 ± 0.28 0.09–1.71 8 
University Row 6.07 ± 410 0.14–79.2 15  1.85 ± 16.6 0.05–15.6 14 
Eastmont 7.48 ± 405 0.19–41.9 8  0.81 ± 0.85 0.05–2.60     8 
Lakeview 3.93 ± 37.2 0.03–19.4 9  1.41 ± 10.8 0.03–9.54 8 
Hillcrest 1.74 ± 2.70 0.11–4.56 10  1.75 ± 4.07 0.04–6.57 10 
Old North 6.13 ± 286 0.09–54.2 10  0.49 ± 0.40 0.07–1.96     8 
West Side 2.96 ± 24.1 0.00–13.5 7  0.48 ± 0.21 0.01–1.05     6 
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A3. Copper concentrations (µg/L) in first-draw and 5-minute flush tap water samples among neighborhoods in 
Dayton, Ohio. 
 
  1st draw  5-minute flush 
 Neighborhood Mean ± V Range n  Mean ± V Range n 
McPherson 18.0 ± 104 0.20–33.4 12  5.87 ± 30.6 2.58–22.6 12 
Pheasant Hill 37.3 ± 193 18.1–55.5 7  9.71 ± 115 0.41–33.1 7 
South Park 25.6 ± 247 9.41–55.4 8  5.31 ± 3.36 2.38–7.23 8 
Patterson Park 26.8 ± 154 3.37–42.4 9  7.44 ± 48.8 2.16–23.5 9 
N Dixie 125 ± 5×103 5.89–613 7  6.99 ± 44.2 3.47–21.9 7 
Heightview Hills 36.2 ± 1×103 11.8–103 9  4.88 ± 3.87 2.21–7.58 9 
Forest Ridge 58.8 ± 3×103 17.1–194 9  8.02 ± 16.2 3.49–14.4 9 
Eastern Hills 23.2 ± 380 1.76–62.2 10  3.91 ± 6.64 1.00–8.49 8 
University Row 50.9 ± 5×103 7.35–296 15  11.2 ± 37.7 3.82–23.8 14 
Eastmont 59.8 ± 2×103 17.0–147 8  15.2 ± 142 3.81–38.3 8 
Lakeview 45.3 ± 2×103 2.27–94.2 9  13.6 ± 255 1.45–36.7 8 
Hillcrest 23.9 ± 413 8.52–76.6 10  8.24 ± 47.3 2.52–24.3 10 
Old North 24.5 ± 5×104 4.79–89.8 10  4.76 ± 7.09 1.73–9.43 8 
West Side 210 ± 2×105 2.50–1×103 7  6.99 ± 12.6 1.88–10.5 6 
